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orientation. Emphasis was placed on intraoperative correc-
tion of tibiofemoral subluxation by reducing anterior tibial 
translation (ATT) and internal tibial rotation. Function was 
measured with IKDC, Lysholm and the Tegner activity 
scale, ATT was measured with the KT-1000 arthrometer and 
tibial rotation (TR) kinematics were measured with 3Dmo-
tion analysis during a high-demand pivoting task.
Results  The results showed significantly higher TR of 
the ACL-deficient knee when compared to the intact knee 
prior to surgery (12.2° ± 3.7° and 10.7° ± 2.6° respec-
tively, P = 0.014). Postoperatively, the ACLR knee showed 
significantly lower TR as compared to the ACL-deficient 
knee (9.6°±3.1°, P = 0.001) but no difference as compared 
to the control knee (n.s.). All functional scores were sig-
nificantly improved and ATT was restored within normal 
values (P < 0.001).

Abstract 
Purpose  Anterior cruciate ligament (ACL) reconstruc-
tion (ACLR) aims to restore normal knee joint function, 
stability and biomechanics and in the long term avoid joint 
degeneration. The purpose of this study is to present the 
anatomic single bundle (SB) ACLR that emphasizes intra-
operative correction of tibiofemoral subluxation that occurs 
after ACL injury. It was hypothesized that this technique 
leads to optimal outcomes and better restoration of patho-
logical tibiofemoral joint movement that results from ACL 
deficiency (ACLD).
Methods  Thirteen men with unilateral ACLD were pro-
spectively evaluated before and at a mean follow-up of 14.9 
(SD = 1.8) months after anatomic SB ACLR with bone 
patellar tendon bone autograft. The anatomic ACLR rep-
licated the native ACL attachment site anatomy and graft 
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Conclusions  Intraoperative correction of tibiofemoral sub-
luxation that results after ACL injury is an important step 
during anatomic SB ACLR. The intraoperative correction of 
tibiofemoral subluxation along with the replication of native 
ACL anatomy results in restoration of rotational kinemat-
ics of ACLD patients to normal levels that are comparable 
to the control knee. These results indicate that the reestab-
lishment of tibiofemoral alignment during ACLR may be 
an important step that facilitates normal knee kinematics 
postoperatively.
Level of evidence  Level II, prospective cohort study.

Keywords  Anterior cruciate ligament · ACL 
reconstruction · Single bundle · Anatomic ACL 
reconstruction · Biomechanics · Rotational kinematics · 
Tibiofemoral subluxation

Introduction

Anterior cruciate ligament (ACL) reconstruction (ACLR) 
aims to restore knee joint function, stability and biomechan-
ics which are compromised after ACL injury [28, 31, 45] 
and in this way to prevent the onset of early posttraumatic 
articular cartilage degeneration and the progression to osteo-
arthrosis in the long term [2, 39].

Abnormal rotational kinematics of the knee during high 
demanding tasks that are present in ACL-deficient (ACL-D) 
patients, remains a problem even after a clinically successful 
ACLR [9, 10, 36, 43, 44]. This issue has been investigated 
by several studies but it has not yet been clearly and thor-
oughly understood what surgical techniques can facilitate 
normal rotational kinematics. Increasing evidence suggests 
that replicating the native ACL anatomy by placing the 
ACL graft at the anatomic footprints and by reproducing the 

obliquity and dimensions of the native ligament can improve 
biomechanical and clinical outcomes [6, 8, 14, 20, 21, 33, 
41, 43, 45]. Even though this results in improved clinical 
outcomes, the rotational kinematics are not re-established 
to normal levels [10, 14, 19, 27, 33, 35].

An under-investigated surgical parameter is the restora-
tion of tibiofemoral subluxation (TFS) during ACL recon-
struction. It has been suggested that restoring tibiofemoral 
position intraoperatively correlates to superior outcomes 
and restores knee joint biomechanics after ACLR [44]. 
Therefore, it is important to test if the correction of TFS 
intraoperatively before the graft is fixed may result in the 
correction of kinematics to normal level.

The hypothesis was that this technique restores normal 
knee joint kinematics that are disrupted after an ACL tear.

Materials and methods

Between 2009 and 2010, 62 ACL-D patients underwent 
arthroscopically assisted ACLR at our institution by the 
senior author. The inclusion and exclusion criteria for par-
ticipating in the study are listed in Table 1. Only male 
patients were included in the study to improve sample 
homogeneity as it has been found that outcomes after 
ACLR differ between men and women [1, 37].

Out of 62 patients who underwent ACLR during the 
study period, 13 met the criteria and were offered partici-
pation. All eligible patients provided institutional review 
board-approved informed consent. All patients were ath-
letically active individuals prior to ACL injury and suf-
fered from at least one giving away episode from the time 
of injury during activities of daily living. In all cases, the 
ACL rupture was diagnosed by MRI, clinical examination 

Table 1   Inclusion and exclusion criteria for participating in the study

SB Single bundle, ACL anterior cruciate ligament, ACLR ACL reconstruction, BPTB bone-patellar tendon-bone, PCL posterior cruciate liga-
ment, SSD side-to-side differences

Inclusion criteria
 (1) Anatomic SB ACLR using BPTB autograft for a complete, unilateral, isolated ACL rupture
 (2) No previous ACL injury to either knee
 (3) Male gender
 (4) Pre-injury activity level ≥ 7 according to Tegner activity score and desire to return to previous sports activity level after the ACLR
 (5) Minimum of 1 year follow-up

Exclusion criteria
 (1) Multiligament injuries (PCL and/or collateral ligament injuries along with the ACL rupture), serious coexistent chondral lesions (Outer-

bridge III/IV), meniscal injuries > 25% of meniscus, that required meniscectomy/suture repair at the time of ACLR
 (2) Prior ligamentous injury to the reconstructed or the contralateral knee, prior surgery on either knee or revision ACLR
 (3) Symptomatic anterior knee pain
 (4) Objective instability at the latest follow-up examination after ACLR (positive pivot-shift test, positive Lachman test and arthrometer 

KT-1000 SSD > 3 mm)
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and confirmed arthroscopically during the ACLR proce-
dure. Demographic data of the participants are presented 
in Table 2.

All clinical examination, functional and motion analysis 
tests were performed at two time points: before the surgery 
while the patients were ACL-D and more than 12 months 
after ACLR.

Clinical examination

A clinical examination was performed for all subjects by the 
same clinician who was not involved in the operation. Knee 
joint stability was tested via the Lachman-Noulis and pivot-
shift tests. Anterior tibial translation (ATT) was measured 
using the KT-1000 knee arthrometer (MEDmetric Corp, San 
Diego, CA) for the ACL-D, ACL-R and contralateral intact 
knees. The measurements were performed using the 134N 
and maximum manual anterior force at the proximal tibia 
until heel clearance was achieved. Repeated anterior transla-
tions were performed until a constant reading on the dial was 
registered and the side-to-side difference (SSD) of ATT in 
mm was recorded for each participant.

Functional scores

Tegner activity level, Lysholm score [40], International 
Knee Documentation Committee (IKDC) subjective score, 
and IKDC grade [18] were obtained at both ACL-D and 
ACL-R state.

Motion analysis

An 8-camera optoelectronic three-dimensional (3D) motion 
analysis system (Vicon, Oxford, UK) sampling at 100 Hz 
was used to capture the trajectories of 16 reflective markers 
placed on selected bony landmarks of the lower extremities 
and pelvis using the model of Davis et al. [7]. Two force 

platforms (type 4060-10; Bertec, Worthington, OH) that 
were flush mounted in the center of the calibrated volume 
were used to detect the touchdown of each leg of each par-
ticipant during the task. Ground reaction force (GRF) data 
were collected at a sampling frequency of 1000 Hz and were 
synchronized with the Vicon system. Kinetic data were used 
to identify the beginning of pivoting (touchdown of the sup-
porting leg).

All participants performed a dynamic pivoting activity 
consisting of descending from a stair and subsequent pivot-
ing. The stairway was constructed according to Andriacchi 
et al. [4]. All subjects were given enough time (10 min) to 
warm up and familiarize themselves with the examined task. 
The experimental protocol was the same for every partici-
pant and was carried out by the same examiner. During the 
examined activity, the subjects descended the stairway at 
their own pace. After foot contact, the subject was instructed 
to perform a 90° pivoting maneuver on the supporting leg. 
While pivoting, the contralateral leg swung around the body 
(as it was coming down from the stairway) and at the end of 
pivoting, the trunk and foot were oriented perpendicular to 
the stairway. During the task, the points of touchdown for 
both legs (the supporting and the swinging leg) were indi-
cated by floor marks to ensure the same 90° pivoting activity 
for all subjects. After pivoting, the subjects were instructed 
to walk away from the stairway for at least one stride. Each 
subject performed the activity on both legs (ACLR/ACLD) 
and contralateral intact leg which were tested in a rand-
omized order. To achieve maximum knee rotational load-
ing during the pivoting period, the subjects were instructed 
to keep the supporting foot in the same position until the 
contralateral foot contacted the ground (end of pivoting). 
A careful inspection of foot and trunk kinematics during 
real-time analysis allowed identifying the trials that fulfilled 
these requirements and a minimum of six successful trials 
were recorded for each side. In an effort to standardize the 
procedure as best as possible, the subjects were monitored 
in real time both visually and with software calculations to 
ensure that the trunk and pelvis were facing forward at the 
initiation of the pivoting task and at 90° at the end of the 
pivoting task. When deviations from these instructions were 
observed, the trial was repeated.

The evaluation period (pivoting phase) was identified 
from initial foot contact of the supporting (standing) leg with 
the ground and ended with touchdown of the contralateral 
leg [44]. To validate our procedures and minimize marker 
placement errors [23] regarding video capture of skin mark-
ers, an additional trial was recorded for each subject in ana-
tomic position (with their feet parallel and 15 cm apart). This 
calibration allowed correction of subtle misalignment of the 
markers that define the local coordinate system and provided 
a definition of zero degrees for all segmental movements in 
all planes [44].

Table 2   Patients’ characteristics

Parentheses include Standard Deviation, Range
ACLR Anterior cruciate ligament reconstruction
a Clinical examination, motion analysis

Number 13
Gender Male
Injured side (right/left) 10/3
Meniscal injury (medial/lateral) 7 (6/1)
Mean age (years) 26.4 (8, 17–43)
Mean height (m) 1.78 (0.06, 1.7–1.9)
Mean body mass (kg) 80.5 (7, 71–95)
Mean time from injury to operation (mo) 11.8 (8.2, 2–24)
Mean time of data collection (mo post-ACLR)a 14.9 (1.8, 12–18)
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Data analysis

Anthropometric measurements were combined with 3D 
marker data from the anatomic position trial to provide 
positions of the joint centers and to define anatomic axis of 
joint rotations. The position of the markers provided the 3D 
segmental angles. The convention used for calculating knee 
rotations was based on Grood et al. [12] The maximum and 
minimum TR values of the supporting leg during pivoting 
phase were identified. These two points were subtracted to 
acquire the range of motion (ROM) for TR during the pivot-
ing phase. The selection of ROM instead of absolute values 
of tibial rotation eliminated errors reported in the literature 
[38, 42] when absolute measures (i.e., maximum or mini-
mum) were used. The difference of TR ROM between the 
two knees was calculated by subtracting the TR ROM of the 
intact knee from the TR ROM of the ACL-reconstructed 
knee. This measure was named the side-to-side differ-
ence (SSD) TR ROM. This measure can quantify for each 
patient the “divergence” of the rotational motion that the 
ACL-reconstructed knee exhibits from the normal rotational 
motion of the contralateral healthy knee [43, 44].

Surgical technique

All surgeries were performed by the same orthopaedic 
surgeon (senior author). The bone-patellar tendon-bone 
(BPTB) graft was taken from the medial third of the patel-
lar tendon with care to harvest no more than one-third of 
the total tendon width [11, 26]. The surgical technique has 
been described in detail elsewhere [44]. Briefly, the key 
points are that (a) the existing ACL footprint remnants 
were preserved when possible and used to place the graft 
as close to the anatomic position as possible. At the tibial 
footprint of the native ACL, the remnants were debrided 
and only the remnants up to 5 mm from the tibial attach-
ment were preserved. This is the place where the native 
ACL widens and by doing this we can mimic the native 
ACL [17, 41]. The center of the femoral tunnel was drilled 
approximately at the center of the anatomic insertion of 
the ACL more towards the anteromedial bundle attach-
ment [11, 15] with the knee joint in 120° of flexion [34]. 
The center of the tunnel position at the tibial plateau was 
placed approximately 5 mm anterior and medial to the 
anatomic center of the natural ACL attachment, so that 
the posterolateral part of the tunnel circumference was 
located on the anatomical center of the ACL attachment 
(Fig. 1). This was done to achieve placing the graft in the 
center of the anatomical tibial footprint of the native ACL 
by creating the tibial tunnel more anteriorly and medi-
ally [43]. (b) After the fixation to the femur, the graft was 
externally rotated 90° around its long axis, to replicate 

the natural rotation of the native ACL. At about 20–30° of 
flexion maximal tension was applied manually, by pulling 
the graft from its patellar bone plug while centering the 
tibia by pushing it in posterior drawer position to correct 
the ATT and by rotating it externally to correct the internal 
rotation (Figs. 2, 3). To correct the tibiofemoral subluxa-
tion, the lower limb was retained at about the same posi-
tion as the contralateral limb to adjust for the appropriate 

Fig. 1   This  figure shows the tibial tunnel aperture that is created 
more anterior and medially. With the probe, we can facilitate the 
passing of the graft through the tibial tunnel and guide it to the cor-
rect position in the femoral tunnel

Fig. 2   The arthroscopic photo shows the final graft position during 
fixation at tibia. After the fixation to the femur, the graft was exter-
nally rotated 90° around its long axis, to replicate the natural rota-
tion of the native ACL. At about 20–30° of flexion, maximal tension 
is applied manually, by pulling the graft from its patellar bone plug 
while centering the tibia by pushing it in posterior drawer position to 
correct the ATT and by rotating it externally to correct the internal 
rotation. To correct the tibiofemoral subluxation, the lower limb was 
retained at about the same position as the contralateral limb to adjust 
for the appropriate amount of external rotation. Holding the knee at 
this position and with the graft tensioned as described, we proceeded 
to the fixation on the tibia with the appropriately sized interference 
screw
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amount of external rotation. The same rehabilitation pro-
tocol was used postoperatively for all patients.

Institutional review board (IRB) approval was given by 
the Medical School, University of Ioannina with decision 
number 1020, 27/01/2010.

Statistical analysis

Considering the small number of participants, it was neces-
sary to test for data normality. Histograms and the Shap-
iro–Wilk test were used. As the tests were non-significant 
(p ≥ 0.257), the data was deemed to be normally distributed 
and, thus, a repeated measures ANOVA was used with 
time (pre- and post-ACLR) and lower extremity (injured 
and intact) as the independent variables. Pairwise post-hoc 
tests were performed when interaction effects were signifi-
cant. Paired t tests were performed to compare the ACL-D 
and ACL-R state regarding functional scores and ATT. To 

examine the reliability, intraclass correlation coefficient 
(ICC) was calculated for the measurements of tibial rota-
tion for the patients. An a priori power analysis was not per-
formed for this project, however, the findings demonstrate 
that there was enough statistical power to detect differences 
in knee rotation of 2° or larger. Smaller differences would 
not be clinically relevant and would fall within the measure-
ment error of the motion analysis systems [30]. A post-hoc 
power analysis revealed that we achieved 89% power for 
the main comparison for tibial rotation before and after the 
ACLR.

Results

All participants had completed at least 12 months from the 
operation date at the time of data collection. Patients’ char-
acteristics are shown in Table 2.

Clinical examination and functional scores

After ACLR, all patients regained objective stability as indi-
cated by negative Lachman-Noulis and pivot-shift test post-
operatively. The results for the ATT, the Lysholm, Tegner 
and IKDC scores as well as IKDC grade before and after 
ACLR are shown in Table 3.

Motion analysis: TR measurement

The repeated measures ANOVA revealed that there was a 
significant interaction for time × leg (p = 0.003) as well as 
a main effect for time (p = 0.003) but no main effect for leg 
(n.s.). The interaction effect was further investigated with 
pairwise post-hoc tests that showed significantly higher TR 
of the ACL-D knee when compared to the control knee prior 
to surgery (p = 0.014) and to the ACL-R knee (p = 0.001). 
However, there was no difference in rotation of the con-
trol knee between the two measurements (n.s.) or between 
the two knees after surgery (n.s.) (Table 4). The results 

Fig. 3   Checking for impingement. The graft is placed anatomically 
at femur without impingement to the intercondylar roof or PCL in full 
extension or flexion. In addition, the graft is positioned more medi-
ally at the tibia avoiding impingement to the lateral femoral condyle 
and the PCL in full extension or flexion. One can see the triangular 
window between the femoral insertion of the graft and the femoral 
insertion of the PCL and also the appropriate distance between the 
distal part of the graft and the femoral condyle

Table 3   Clinical examination 
and functional score results

The results are expressed in mean ± SD (range)
ATT Anterior tibial translation, SSD side-to-side differences, ACL anterior cruciate ligament, SD standard 
deviation, IKDC international knee documentation committee

ACL deficient ACL reconstructed P values

ATT SSD 134N (mm) 6 ± 2.4, (3–10) 0.6 ± 0.8, (−1–2) < 0.001
ATT SSD max man (mm) 6.3 ± 2, (3–11) 1.1 ± 0.9, (0–2) < 0.001
Lysholm score 67.3 ± 13.4, (49–91) 93.3 ± 4.2, (85–100) < 0.001
Tegner score 3 ± 1.2, (1–5) 7.9 ± 1, (7–9) < 0.001
IKDC subjective score 57.2 ± 13.4, (37.93–78.16) 86.6 ± 9.7, (68.96–98.85) < 0.001
IKDC grade (A/B/C/D) 0/3/7/3 11/2/0/0
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demonstrate high ICC 0.9 (95% CI 0.71–0.97) which shows 
acceptable repeatability for our measurement method.

Discussion

The most important finding of the present study was that the 
intraoperative correction of the TFS that is present in the 
ACLD knee offers excellent restoration of knee rotational 
kinematics and clinical outcomes, thus confirming the study 
hypothesis. This highlights the importance of TFS correc-
tion and demonstrates the need for not only replicating the 
anatomy of the native ACL but also carefully correcting 
tibiofemoral position during graft fixation. Thus, it appears 
that the anatomic approach of the ACLR presented in this 
study with restoration of pathologic TFS of ACLD knees 
can achieve optimal restoration of knee joint biomechanics.

When compared to previous studies, the results of the pre-
sent study demonstrate for the first time that the restoration 
of rotational kinematics to normal values of control knee 
can be achieved. Prior studies have suggested that ACLR 
should replicate ACL anatomy by recreating as closely as 
possible the native ACL footprint with appropriate tunnel 
placement [25, 32, 35, 43], ligament obliquity [25, 33, 44], 
and morphology [41]. In the current study, all these factors 
were considered during the SBa-ACLR and besides, TFS 
was corrected intraoperatively. This comprehensive surgical 
approach may have contributed to the optimal restoration of 
knee joint kinematics that the previous studies with similar 
testing protocol did not achieve [43, 44]. The importance 
of the reduction of TFS can be easily recognized once we 
consider the role of ACL on knee joint biomechanics. After 
ACL rupture, both internal rotation and ATT increase, 
resulting in excessive movement of the lateral tibial plateau 
[28, 31, 45]. In the ACLD knee, the axis of rotation shifts 
more medially and the excessive TR coupled with ATT 
magnifies the movements of the tibial plateau and results in 
subluxation [3, 28, 31]. The need for restoration of the TFP 

has been previously suggested in a study that investigated 
TFP and its correlation to the PCL index [44].

The correction of TFS is effective when performed with 
other necessary steps of anatomic ACLR. In this study, 
anatomic tunnel placement was individualized for each 
knee and was guided by the footprint of ACL remnants 
[22]. This results in graft obliquity comparable to that 
of the native ACL and correlates to improved tibiofemo-
ral joint kinematics [25, 32, 43]. The center of the tibial 
socket was created about 5 mm anteriorly and medially to 
the center of the native footprint. This tibial tunnel posi-
tion combined with anatomic femoral socket did not lead 
to impingement or loss of knee extension. Relevant lit-
erature has suggested the passage from the posterior tibial 
tunnel placement and notchplasty, which have both been 
recommended to avoid roof impingement, to the progres-
sive tibial tunnel anteriorization [13, 25, 32, 43]. Previous 
studies showed that tibial tunnel placement in the anterior 
aspect of the native footprint confers increased sagittal 
graft obliquity and improved control of ATT after ACLR 
[25, 32, 43] but this may lead to notch impingement [25, 
32]. Maak et al. showed that the AM tibial socket combined 
with the femoral socket into a more central position may 
reduce the risk of impingement [24].

Graft morphology is another key factor of the anatomic 
reconstruction concept [17, 24, 41]. It has been demonstrated 
that the ACL mid-substance and the femoral attachment have 
similar width resembling a band or “lasagna-like” shape, 
while about 5 to 6 mm before its tibial insertion, the ACL 
fans out like a trumpet, taking the form of its wide tibial 
attachment [17, 41]. In our study, we attempted to replicate 
the widened shape at the tibial footprint by preserving the 
remnants up to 5 mm from the tibial attachment. In contrast 
to a “fit and fill” technique where filling the footprint with a 
large graft will likely increase the risk for impingement, we 
suggest the use of a band-shaped graft along with remnant 
preservation as a way to imitate native ACL morphology and 
avoid impingement or loss of extension.

Table 4   Tibial rotation ROM 
group mean values during 
the pivoting phase of the 
descending and pivoting task

Means and standard deviation (SD) values for range of motion (ROM) of the tibial rotation (degrees) for 
both knees for the ACL-deficient and -reconstructed state of the participants
ACL-def Anterior cruciate ligament deficient, ACL-rec anterior cruciate ligament-reconstructed, ROM 
range of motion
a Statistical significant as compared to the contralateral intact knee, p = 0.014
b Statistical significant as compared to the ACL-rec knee, p = 0.001
c No statistical significant as compared to the contralateral intact knee, n.s.

ACL deficient ACL reconstructed

ACL-def knee Contralateral intact knee ACL-rec knee Contralateral intact knee

12.25 (3.68)a, b 10.74 (2.58) 9.6 (3.16)c 10.43 (2.4)
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Regarding the study limitations, the use of skin markers 
in motion analysis has inherent error due to skin motion 
[23], however, we took precautions to minimize this error by 
having the same investigator place all markers and acquire 
all anthropometric measurements. In addition, the absolute 
3D marker reconstruction error of the system was very low 
(maximum SD, 0.303 mm; calibration space, approximately 
8 m3). A standing calibration procedure was used to correct 
for subtle misalignment of the markers that define the local 
coordinate system and for individual anatomic variations [5]. 
Finally, we chose to include a homogenous study group of 
male-only patients with BPTB graft which does not allow for 
generalization of our findings to female patients or patients 
who had hamstrings or allograft reconstructions. A study 
with a more heterogeneous sample would improve generaliz-
ability but that would be at the expense of internal validity. 
Other limitations are the small number of patients, the lack 
of quantitative means of proving that tibiofemoral subluxa-
tion is corrected at the time of surgery, and the relatively 
short follow-up period.

The results of the study indicate that the reestablishment 
of tibiofemoral alignment during anatomic ACLR before the 
final fixation of the graft at tibia may be an important step to 
achieve normal knee rotational kinematics postoperatively.

Conclusions

Intraoperative correction of tibiofemoral subluxation that 
results after ACL injury is a very important step during 
SBa-ACLR. In addition to replicating the native ACL 
anatomy, we should also correct the abnormal tibiofemo-
ral subluxation during graft fixation. These steps result in 
absolute restoration of rotational kinematics of ACL-D 
patients in normal levels comparable to that of control 
knee.
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